Abstract Little is understood regarding the phylogeny and metabolic capabilities of the earliest colonists of volcanic rocks, yet these data are essential for understanding how life becomes established in and interacts with the planetary crust, ultimately contributing to critical zone processes and soil formation. Here, we report the use of molecular and culture-dependent methods to determine the composition of pioneer microbial communities colonising the basaltic Fimmvörðuháls lava flow at Eyjafjallajökull, Iceland, formed in 2010. Our data show that 3 to 5 months post eruption, the lava was colonised by a low-diversity microbial community dominated by Betaproteobacteria, primarily taxa related to nonphototrophic diazotrophs such as Herbaspirillum spp. and chemolithotrophs such as Thiobacillus. Although successfully cultured following enrichment, phototrophs were not abundant members of the Fimmvörðuháls communities, as revealed by molecular analysis, and phototrophy is therefore not likely to be a dominant biogeochemical process in these early successional basalt communities. These results contrast with older Icelandic lava of comparable mineralogy, in which phototrophs comprised a significant fraction of microbial communities, and the non-phototrophic community fractions were dominated by Acidobacteria and Actinobacteria.
Introduction
Despite their global abundance and environmental and ecological significance, surprisingly little is known regarding the initial colonists of freshly deposited volcanic rocks. Volcanic rocks play a significant role in the global carbonate-silicate cycle as they weather [1] [2] [3] [4] [5] , while some of the most fertile soils in the world are of volcanic origin [6] [7] [8] . Understanding how newly formed volcanic substrates become colonised by microbial communities, which may ultimately play a role in rock weathering, soil formation and plant ecosystem development, is an essential task in earth sciences.
The surface of unvegetated volcanic lavas is an extreme, but nevertheless viable habitat for microorganisms [9] [10] [11] [12] . They can be subject to desiccation, exposure to UV radiation, temperature fluctuations and low organic and nitrogen availability. One of the first studies of microbial colonisation of Electronic supplementary material The online version of this article (doi:10.1007/s00248-014-0432-3) contains supplementary material, which is available to authorized users.
freshly deposited volcanic rock occurred on the island of Surtsey, Iceland, formed during the 1963-1968 volcanic eruptions off the southern Icelandic coast. These lavas provided a unique laboratory for the investigation of biological establishment and succession on newly deposited volcanic substrata. Phototrophs were already observed by 1968 [13] and subsequent culture-based and microscopy investigations reiterated the importance of chlorophytes, lichens and mosses to ecosystem development on the island [14] [15] [16] [17] . A further study reported the presence of cyanobacteria, including Anabaena and Nostoc on the Icelandic Island of Heimaey, 18 months after an eruption in 1973 [18] .
Molecular-based studies on the microbiota of volcanic substrates have only emerged within the past few years, revealing that such habitats are capable of harbouring significant microbial diversity [11, 12] . The study of a 1959 cinder deposit in Hawaii revealed a diverse community comprising Cyanobacteria, Acidobacteria and Alphaproteobacteria and the presence of organisms specifically capable of CO oxidation [19, 20] . On unvegetated volcanic substrates at the Mount St. Helens volcano, seventeen years after the eruption, Ibekwe et al. [9] recorded the presence Alpha-and Betaproteobacteria and Actinobacteria, while Gomez-Alvarez et al. [11] found that in Hawaiian deposits formed in 1959, microbial commun i t i e s w e r e d o m i n a t e d b y A c i d o b a c t e r i a a n d Alphaproteobacteria, with a large percentage of unclassified sequences. Recent molecular investigations of weathered, unvegetated Icelandic volcanic rocks revealed diverse microbial communities which, although differing in composition among volcanic rocks of different mineralogies, contained significant proportions of Acidobacteria, Actinobacteria and Proteobacteria [12, 21] . Cyanobacteria were abundant only in volcanic glasses [12] .
In the aforementioned and indeed similar molecular studies of volcanic substrates, sampling began well after the establishment of microbial communities, with the substrates in these investigations ranging in age from seventeen years [9] to material deposited circa 0.8 Mya [12, 21, 22] , with no current existing reports of molecular analyses of freshly deposited volcanic material. In the present study, we sought to redress this lack of in-depth characterisation of the earliest microbial colonists of freshly deposited volcanic substrates.
In March and April 2010, eruptions of the Eyjafjallajökull volcano in Southern Iceland produced a new lava flow of basaltic composition, the Fimmvörðuháls flow, offering an opportunity to (1) identify the earliest microbial colonists of this globally abundant geological substrate and (2) compare these microbial communities with those of previous studies of older Icelandic volcanic substrates [10, 12, 21, 22] less than 50 km away. In particular, we sought to test the hypothesis, using a combination of molecular and cultivation-dependent methods, that phototrophs are abundant colonists on the newly available habitat offered by volcanic eruptions.
Materials and Methods

Field Site and Sampling
Samples were collected from the Fimmvörðuháls lava flow, which was erupted from the Eyjafjallajökull volcano between 20 March and 12 April 2010 from the Magni and Móði craters (Fig. 1) . The flow is located between the Eyjafjallajökull and Mýrdalsjökull glaciers in southern Iceland and comprises mildly alkalic olivine basalt lava (<2 % phenocrysts of olivine, plagioclase and clinopyroxene) [23] , forming lobes that cover an area of 1.3 km 2 with an average thickness of 10-20 m (estimated volume of 20 million cubic metres; [24] ).
On 5 July 2010, nine readily accessible sampling sites (named 1-9) were established on the lava flow. The sites were located in three loose clusters along a transect, relatively close to the source of the flow, as shown in Fig. 1 The samples, taken from the surface of the lava flow, comprised the lava and associated eruption ash deposits contained within the fractures and pore spaces. Samples, removed using a rock hammer sterilised in ethanol, were broken directly into sterile plastic bags (Whirlpak, Fisher Scientific, UK) without handling, double-bagged and boxed immediately after collection. Samples were frozen for molecular analysis (−20°C) or subjected to culture-based analyses following collection. Additional samples of lava from each site were fixed in 2 % formaldehyde for subsequent cell counts. Samples were labelled according to the month (JJuly or A-August), site of retrieval and replicate number.
Geochemical Analyses
Whole rock major and minor element compositions were obtained using an ARL 8420+ dual goniometer wavelengthdispersive X-ray fluorescence (XRF) spectrometer (Thermo Scientific, USA). XRF analysis was carried out on glass discs (major element concentrations) prepared by fusing one part of finely powdered lava sample with five parts of FluXana flux (20 % lithium tetraborate/80 % lithium metaborate mix) [25] or on pressed powder pellets (trace elemental compositions) [26] . Four individual samples from each of the nine sampling sites were analysed.
Three finely ground 25 mg samples from each site in July were examined for their nitrogen, organic carbon and total sulfur concentrations. Carbon content was determined using a Europa ANCA-SL elemental analyser coupled to a continuous flow mass spectrometer (Europa GEO 20-20, Knutsford, UK) with a detection limit of 0.001 %. Nitrogen analysis was carried out using a Carlo Erba NA2500 Elemental Analyser (Glasgow, Scotland) with a detection limit of 0.001 %. Sulfur was measured using a LECO SC 444 (St. Joseph, MI, USA) instrument with a detection limit of 0.001 %.
Direct Isolations and Enrichment Cultures
To test for the presence of certain functional microbial groups, we attempted their direct isolation in the laboratory using samples from sites 1, 5 and 9. Unless otherwise stated, all samples from these sites and sampling period were processed identically. Subsamples of lava were crushed to a maximum size of 1 cm under sterile conditions in a laminar flow hood and shaken at 100 rpm at 21°C for 1.5 h in 10 mL of double distilled H 2 O before plating onto solid media (100 μL of undiluted sample) or inoculating into 20 mL of liquid media (500 μL plus fragments).
To test for the presence of phototrophs, samples were incubated in BG11 broth (pH 7.2) [27] for enrichment. Chemolithotrophs capable of oxidising sulfur were enriched in sulfur-oxidiser (SOX) broth (pH 7.0-7.2) [28] . The presence of nitrogen-fixing organisms in samples collected in August 2010 was tested using nitrogen-free Norris agar (pH 7.2) [29] , prepared using 1.5 % Noble agar. Plates and broths were incubated at room temperature (21°C). Following 46 days of growth in broth, cultures were plated in duplicate (100 μL) onto the corresponding solid media for isolation. Solid BG11 and SOX plates contained 2 % Noble agar. BG11 broths and plates were incubated under natural light conditions. Solid media incubations were for 10-14 days. To test for the presence of heterotrophs, organisms were isolated on two solid media, namely nutrient agar (Oxoid, Fisher Scientific, UK) (pH 7.3-7.4) and a 1/100 nutrient agar (pH 6.7) prepared with 2 % Noble agar (BD Biosciences, UK).
Identification of Isolates
Colonies representative of the dominant morphologies present in each sample, in addition to a selection of some of the less common morphologies observed on the various media, were subcultured three to six times to obtain pure cultures. Selected bacterial isolates were subjected to colony PCR with universal eubacterial primers pA and pH [30] [31] [32] to amplify almost complete 16S rRNA genes, or in the case of cyanobacteria, pA and CYA781R [33] , amplifying partial 16S rRNA genes. Primers 817f and 1536r [34] were used to amplify partial 18S rRNA genes genes from selected fungal isolates. Each 50 μL reaction mixture contained 0.2 μM each primer, 200 μM each dNTP (New England Biolabs, UK), 2.5 U Taq DNA polymerase, 2 mM MgCl 2 and 1X PCR buffer (200 mM Tris-HCl (pH 8.4), 500 mM KCl) (Invitrogen Corporation, UK). Amplifications were performed in a G-Storm GS1 thermal cycler (GRI Ltd., UK), with an initial denaturation at 94ºC for 5 min, followed by 35 cycles of 94ºC for 1 min, 55ºC for 40 s and 72ºC for 40 s, with a final extension for 10 min at 72ºC. Sequencing of Bacteria and phototrophs was performed with pA. In instances where these sequences suggested new species, additional sequencing with com1 (as a forward primer) [35] and/or pH was performed (Mclab, USA or GATC Biotech, Germany) to provide a more complete gene sequence of at least 1 kb.
Direct Cell Counts
Microbial numbers were calculated per gram of dry weight of lava. Counts were performed on all replicate samples from sites 1, 5 and 9. To enumerate microbes, 100 μL of dd H 2 O containing powdered lava (approximately 0.01 to 0.04 g, crushed as described below) was added to 900 μL of ddH 2 O and 100 μL of a solution of 1X SYBR® Green I DNA binding dye according to the manufacturer's instructions (Invitrogen, UK). The solution was vacuum-filtered onto black 0.2-μm Nuclepore polycarbonate filters (Whatman, UK). Microorganisms were enumerated under at least 30 fields of view on a Leica DMRP fluorescence microscope (Leica Microsystems, Germany) using an excitation waveband of 450-490 nm (Leica filter cube I3) and an emission long band cutoff filter of >515 nm. A two-way analysis of variance (ANOVA) was performed on the data in Microsoft Excel.
DNA Extraction
DNA was extracted from all samples from site 5 and one random chosen sample each from sites 1 and 9 at each sampling period. Lava was crushed to a powder in a laminar flow hood using a sterilised metal container and plunger as described previously [36] . Total DNA was extracted from all samples (∼10 g each), using a PowerMax Soil DNA Isolation Kit (MoBio Laboratories, UK). Extraction was performed according to manufacturer's instructions, with the exception of an extended incubation period of 2.5 h after the addition of buffer C2 (designed for the removal of PCR inhibitors) and a 1 mL elution volume. DNA was quantified in triplicate by NanoDrop.
Bacteria 16S rRNA Gene Clone Libraries
Amplification of 16S rRNA genes from basalt communities was performed with universal eubacterial primers pA and pH and products purified before cloning into the pCR4® vector as previously described [12] . Inserts were sequenced with pA (GATC Biotech, Germany). Chimera detection was performed through greengenes [37] . Following chimera removal, all libraries were normalised to that containing the smallest number of sequences. Sequences were aligned over E. coli nucleotide positions 100-785 in MOTHUR (version 1.25.1) [38] against the greengenes core database set and a distance matrix generated in Phylip [39] (version 3.6). This distance matrix was used in MOTHUR to group sequences into operational taxonomic units (OTUs) at 97 % sequence identities. Following MOTHUR normalisation, richness and diversity estimates were calculated and samples compared by Libshuff [40] using MOTHURr and principal component analysis (PCA) using PRIMER 5 (version 5.2.0). Classification of clones was performed through the RDP [41] (release 10). Sequence representative of each OTU were also searched against those deposited in GenBank, through the NCBI blastn programme, revealing the closest cultured and uncultured sequences.
Comparison of Isolates and 16 s rRNA Gene Clones 16S rRNA gene sequences from both isolates and clone libraries were aligned over E. coli nucleotide positions 134-730 and OTUs generated in MOTHUR at 97 % sequence identities, as described above. Using these data, a bootstrapped (1,000 iterations) neighbor-joining phylogenetic tree was constructed with MEGA4 [42] using representative sequences from each OTU and related GenBank sequences from cultured and uncultured organisms. The process was repeated with the same sequences to generate a maximum likelihood tree.
Results
Geochemical Analyses
Average elemental compositions of lava from the nine sampling sites were as follows [ 35) These data show that the lava samples were of a basaltic composition according to the total alkali silica (TAS) classification scheme of igneous rocks [43] , having a mean Na 2 O + K 2 O content of 3.55 %. These data are in agreement with Sigmundsson et al. [23] .
Nitrogen was below detection using the method employed in all the samples analysed. The organic carbon content of the samples was determined to be less than 0.001 % wt. The total sulfur concentration in all of the samples examined was 0.021 % (±0.014) wt.
Identification of Isolates
The identities of isolates relative to the closest 16S or 18S rRNA gene sequences of cultured organisms (GenBank deposits) are given in Table 1 . Bacterial isolates were primarily members of the Actinobacteria and Proteobacteria phyla. Isolated fungi were members of the Ascomycota. Many bacterial isolates shared the greatest sequence identity with uncultured organisms from a variety of sources, many of these from Antarctic environments, glaciers and freshwater habitats. Among the isolates was a taxon represented by four isolates and displaying a maximum of 92 % sequence identity (16S rRNA genes) to any sequence currently deposited in public databases. The closest cultured relatives of this taxon are Alicyclobacillus spp., members of the phylum Firmicutes, and include an isolate from Antarctic geothermal soil (AJ607430). All isolate 16Sr RNA gene sequences have been deposited in GenBank under accession numbers JF417993 to JF418153 and JF706699 to JF706701.
Direct Cell Counts
The average cell counts (with standard deviations) for lava samples from July and August, per gram of material dry weight, were 1.58×10 6 (1.27×10 6 ) and 2.58×10 6 (2.15× 10 6 ), respectively. Averages for the individual sites, for each season, are given in Fig. 2 . A two-way ANOVA indicated a significant difference in counts among sites (P=0.009), while no seasonal effect of season was observed (P=0.138).
DNA Extraction
Concentrations of DNA (ng/μL) in extracted samples from July and August (respectively) were as follows: site 1 (5.4 and 4.2), site 5 (4.4, 4.2, 4.7 and 4.0, 4.5, 5.0) and site 9 (4.7 and 4.0). Subsequent 1 mL elutions from the DNA extraction filters (see above) resulted in addition DNA recovery (not shown).
Bacteria 16S rRNA Gene Clone Libraries
Upon the removal of chimeras (an average of 2.8 % of sequences), up to 106 clone sequences remained in each library. However, for the purpose of meaningful comparisons and statistical analyses, samples were randomly normalised to the smallest library, containing 82 clones.
Diversity and richness of Fimmvörðuháls bacterial communities was low (Fig. 3) , as determined at 97 % sequence identities (OTUs). The recovery of OTUs reached or approached saturation using <100 clones (not shown) and coverage estimates for samples ranged from 87 to 99 %. Shannon diversity indices ranged from 1.40 to 2.49 (average 2.07), while Chao1 [44] richness ranged from 8.0 to 46.5 (average 24.5).
Sixty-three individual OTUs (97 % sequence identities) were identified among normalised libraries. The identities of the two most abundant OTUs in each library, accounting for nine OTUs due to shared OTUs between samples, are given in Table 2 , relative to the nearest cultured and uncultured sequences deposited in GenBank. Together, these OTUs accounted for almost 82 % of sequenced clones and individually accounted for 2.0-29.7 % of clones among all libraries. The most abundant library OTU (OTU63), accounting for up to 9.4-48 % of sequences per library, was identified as belonging to the genus Herbaspirillum, a group known to possess diazotrophic members, while OTU59 and OTU54 (together accounting for 16.1 % of sequences) were likewise affiliated with known nitrogen-fixing genera. OTU45 and OTU49, together accounting for 13.9 % of library sequences, were affiliated with iron and H 2 oxiders and OTU38 with a known sulfur-oxidising chemolithotroph, Sulfuricurvum (Table 2) . The remaining 54 library OTUs identified accounted for 0.3 % of library clones on average (range 0.1-1.4 %) and were affiliated with sequences recovered from a variety of habitats, particularly glacial and soil environments (not shown) and most closely related to taxa known for nitrogen-fixing and chemolithotrophic nutrition. Among the 63 identified clone OTUs, 52 % were unique to one sample and were mostly representative of one or two clones. Clone 16S rRNA gene sequences have been deposited in GenBank under accession numbers HQ898914 to HQ900366. P h y l u m P ro t e o b a c t e r i a s e q u e n c e s a n d t h e Betaproteobacteria in particular were numerically dominant in all libraries. The Betaproteobacteria comprised 57.7-97.1 % of clones in each library (and 70 % of sequenced clones combined) while Epsilonproteobacteria also contributed significantly (22-29 %) to a number of samples (Fig. 4 ), corresponding to OTU38 described above. Despite the numerical dominance of Betaproteobacteria sequences in all samples, Libshuff analysis comparing individual samples revealed significant differences in clone library composition, both within and between sampling sites. Sample pairings for which non-significant differences were observed are given in Supplementary Table S2 . PCA performed on libraries also revealed variability among samples, with one sample from site 5 in July particularly different from all others, separated along the first component axis (Supplemental Material). The two principal components shown together accounted for 42.3 % of the variability observed among lava samples.
Identification of Cultured Species Also Contained Within Clone Libraries
Following alignment of isolate and clone 16S rRNA gene sequences, 92 OTUs were identified at 97 % sequence identity, including 28 represented by isolates only (Fig. 5) . Among these isolate-only OTUs, two were identified as Arthrobacter For ease of reporting, data for Arthrobacter, Pseudomonas and Sphingomonas, species isolated in abundance, are condensed. Accessions in bold font indicate those isolates which are cluster within the most abundant clone library OTUs, as determined during Mothur analysis (see text and Table 2) (represented by 27 and 7 isolates ; Fig. 5a ), most closely matching sequences from Svalbard soil (Arctic) and Livingston Island (Antarctica), respectively. A Sphingobacterium OTU was represented by 12 isolates most similar to sequences from temperate grassland (Fig. 5a ). Other OTUs represented solely by isolates were affiliated with the genera Rhizobium, Variovorax, Thiobacillus and Firmicutes. Nine OTUs were represented by both clone and isolate sequences, including four of the abundant library OTUs (OTUs 49, 54, 60 and 63) described in Table 2 . The most abundant OTU, affiliated with the genus Herbaspirillum and corresponding to OTU63 of clone libraries, comprised 282 clone and 10 isolate sequences (Fig. 5b) . Other OTUs, their abundance in libraries and among isolate sequences and their phylogenetic affiliations are shown in Fig. 5 .
Discussion
The eruption of the basaltic Fimmvörðuháls lava flow from the Eyjafjallajökull volcano in southern Iceland, during March and April 2010, provided an opportunity to investigate the colonisation of fresh lava in the immediate aftermath of the eruptions. While investigations of colonists of newly deposited Icelandic lava has been previously undertaken on the island of Surtsey [13] [14] [15] [16] [17] , revealing an abundance of phototrophs, our study is the first to undertake such a detailed analyses of lava flow microbial communities at such an early stage of colonisation. We sampled the lava flow on two occasions within the first 3 to 5 months post eruption, employing both traditional culture-based techniques in concert with molecular methods to characterise the pioneer bacterial inhabitants. Contrary to our expectations based on Surtsey reports, both our molecular and culture-based results revealed that the early microbial colonists of the Fimmvörðuháls lava flow were not composed primarily of phototrophs but rather by organisms, primarily Betaproteobacteria, affiliated with known diazotrophs, chemolithotrophs and heterotrophs (Fig. 4) . Unlike other studies which have shown the abundance of phototrophs in early successional volcanic materials [18] and deglaciated soils [45, 46] and inferred the important role of phototrophs in the establishment of pioneer communities, we recovered only a few phototroph-related sequences from our clone libraries and only succeeded in isolating cyanobacteria or diatoms following prior enrichment. Early reports from Surtsey detected mosses, lichens and algae by microscopy and culture-based approaches [16, 17, 47] . However, these observations were generally made on substrata at least a few years post deposition, rather than within months as in the present study, and methodological limitations precluded a detailed community molecular analysis. In contrast, our data show that while phototrophs were present in Fimmvörðuháls communities at the very early stages of basalt colonisation, they represented only a negligible proportion of the molecular diversity of organisms on the lava. While our approach does not allow us to unequivocally prove the in-situ activities of isolated organisms or of taxa observed within 16S rRNA gene clone libraries, the abundance in each sample community of taxa affiliated with chemolithotrophs, heterotrophs and nitrogen fixers, together with the available information regarding carbon, nitrogen and sulfur content of samples and the paucity of phototrophs, suggests that an early stage of chemolithotrophy and heterotrophy precedes an important role for phototrophs within the Fimmvörðuháls flow.
The accumulation of nitrogen in early primary successional environments can be a limiting factor in ecosystem development [46, [48] [49] [50] , and nitrogen-fixing microorganisms are therefore often abundant colonisers in nitrogen-deficient terrestrial habitats [51] . Increases in nitrogen availability facilitate colonisation by later successional species [48, 51] . Nitrogen was below detection in the Fimmvörðuháls lava flow following the eruptions, thus making diazotrophy a potentially important requirement for early pioneers in the nitrogenlimited basalt. The isolation of a diversity of nitrogen-fixing organisms on nitrogen-free agar plates, together with the abundance of library 16S rRNA gene sequences affiliated with diazotrophic taxa, suggests that diazotrophy was represented in phylogenetically diverse organisms.
Despite the low organic carbon content, the lava flow hosted a diversity of heterotrophs. We hypothesise that the Fimmvörðuháls heterotrophs may have used either organic carbon derived from chemolithotrophic metabolism within the lava and/or the airborne input of low amounts of atmospheric organic carbon compounds [52] . Atmospheric inputs of microbes may also contribute to the organic carbon pool, via cell lysis and recycling of organic cellular constituents. Taxa we isolated in the laboratory included representatives of the Actinobacteria (Arthrobacter), Alphaproteobacteria (Sphingomonas) and many Betaproteobacteria including Polaromonas, Variovorax (Comamonadaceae) and Duganella, Herbaspirillum and Massilia (Oxalobacteraceae) species. These data are consistent with molecular sequencing d a t a , w h i c h a l s o r e v e a l e d m a n y h e t e r o t r o p h i c Betaproteobacteria. The most abundant OTU was affiliated with Herbaspirillum, a genus which has previously been reported from 22-year old volcanic deposits in Miyake-jima Island, Japan [53] , and is known to contain representatives capable of growth under oligotrophic conditions.
Substrates supporting potential chemolithotrophic metabolism within the Fimmvörðuháls lava could have included the reduced iron available in basalt minerals such as olivines (detected as total iron in XRF data). Sulfur was also detected in our samples, and exhalations of sulfur gases were shown to have occurred during the eruptions [54] . Chemolithotrophic potential within the Fimmvörðuháls lava is suggested by the isolation sulfur-oxidising Thiobacilli, and multiple independent isolations of a novel taxon on SOX media which failed to grow in the absence of thiosulfate. Furthermore, clone library OTUs affiliated with Thiobacillus and Rhodoferax were observed, and an abundant OTU affiliated with the facultatively anaerobic genus Sulfuricurvum was particularly abundant in samples 3 months after the eruption, constituting up to 30 % of clones. These data suggest the presence of other uncultured chemolithotrophic organisms capable of metabolising sulfur and/or iron.
Compared to older (∼1,750 years old), weathered crystalline Icelandic lava of comparable mineralogy previously studied [21] , where microbial numbers were of the same order of magnitude as in the present study, the diversity and richness of bacterial communities within Fimmvörðuháls lavas, as determined by community 16S rRNA gene clone library analysis, were substantially lower. The Chao1 [44] and Shannon values we obtained were 24.5 and 2.07, as compared to 165 and 4.04 at the same sequence similarity cutoff (97 %) on the older Icelandic basaltic lava flow [21] less than 50 km away. Low species diversity in Fimmvörðuháls lava is not surprising given the very short time available for colonisation and community development. Diversity in successional communities from other environments has been observed to increase over time. For example, the Shannon index on newly exposed glacial forefields in Peru increased from 0.8 in newly exposed material to above 4.5 for 500-year old soils [44] . Increases in species richness have been observed in Arctic glacial soils covering a 150-year time span [55] . Site 5, located to the southwest of the Módi crater (Fig. 1) , is closest to the craters; perhaps close enough that the elevation of Módi may provide some shelter to site 5, resulting in a reduced input of airborne microbes from the wind and a comparatively lower cell count from samples from this site.
The bacterial community composition of the newly colonised Fimmvörðuháls basalt, being dominated by Betaproteobacteria, contrasts with that of older Icelandic rocks. Ancient Icelandic crystalline lava of basaltic and rhyolitic composition (∼1,750 years old), analysed in the same manner as the present study, were dominated by Actinobacteria and Acidobacteria and harboured many other phyla, including Cyanobacteria and difficult-to-culture phyla such as Verrucomicrobia and Gemmatimonadetes. All of these rocks contained less than 5 % Betaproteobacteria [21] . Similar results were reported for ancient Icelandic volcanic glasses [12] . While the Fimmvörðuháls flow was dominated by Betaproteobacteria, community variations were observed among samples, indicating community heterogeneity on small spatial scales, similarly to the ancient basalts. Such small-scale heterogeneity was also observed in weathered Icelandic lavas [12, 21] .
Many of our isolates, including some of the most numerous species, remained undetected in clone libraries. Considering the high library coverage achieved by sequencing, and the use of the same primer set for both isolate identification and library construction, failure to detect isolated species within libraries may be due to incomplete extraction of community DNA, particularly in the case of sporulating species of Arthrobacter and Firmicutes, and/or that cultivation resulted in significant bias towards rare organisms. Culturable fungi, which increased in abundance in August, could not be detected by fungal-specific PCR of community DNA and attempts to detect Archaea by molecular methods (FISH and PCR) also proved unsuccessful (not shown). Despite optimisation of a PCR protocol to detect algal 18S rRNA genes, we did not detect algae in our community DNA extracts (not shown), further evidence that despite their presence in many samples, as detected by enrichment culture, the abundance of algae was very low.
In conclusion, our data show that 3 to 5 months post deposition, the Fimmvörðuháls lava flow contained microbial communities characterised by low diversity and abundant Betaproteobacteria affiliated with diazotrophic, heterotrophic and chemolithotrophic taxa. Our observations show that even 3 months after their eruption, lava flows may be host to functionally distinct microbial communities of low diversity. Some of the most abundant OTUs observed in these samples could not be affiliated to a genus, evidence that the newly lava flows harbour novel organisms with unknown contributions to early biogeochemical cycles. We conclude that potentially biogeochemically active communities were established remarkably quickly after the Fimmvörðuháls eruptions, and that future studies of primary succession on such volcanic materials must begin within days and months after the appearance of the new habitat.
